To examine the light-dependent repair of DNA photolesions, such as, cyclobutane pyrimidine dimers (CPDs) and pyrimidine-(6-4)-pyriinidone photoproducts [(6-4)photoproducts], we incubated cucumber cotyledons under monochromatic light (325-500 nm) after they had been exposed to UV-B irradiation. Irradiation at wavelengths between 375 and 425 nm was the most efficient for photorepair of CPDs. The dependence on wavelength for the removal of (6-4)photoproducts differed from that for the photorepair of CPDs. The (6-4)photoproducts were most efficiently removed upon irradiation at 325 nm with a second peak at 400 to 425 nm. An immunological assay using antibodies specific to Dewar photoproducts revealed that irradiation at 325 nm induced the photoisomerization of (6-4)photoproducts to Dewar photoproducts. Thus, the most efficient wavelength for the photorepair of (6-4)photoproducts was between 400 and 425 nm. It seems likely that processes similar to those involved in photorepair of CPDs might be involved in the photorepair of (6-4)photoproducts.
Increases in levels of chlorofiuorocarbons in the atmosphere may be depleting the earth's stratospheric ozone layer (Molina and Rowland 1974) ; such a decrease in the ozone column will probably lead to an increase in the amount of UV-B radiation (290-320 nm) that reaches the earth's surface (Blumthaler and Amback 1990, Gleason et al. 1993) . UV-B radiation damages DNA directly by generating dimers of adjacent pyrimidines, namely, cyclobutane pyrimidine dimers (CPDs) and pyrimidine-(6-4)-pyrimiAbbreviations: CPD, cyclobutane pyrimidine dimer; ELISA, enzyme-linked immunosorbent assay; PBS, phosphate-buffered saline; PPFD, photosynthetic photon flux density; (6-4)photoproduct, pyrimidine-(6-4)-pyriniidone photoproduct. 6 Corresponding author. Fax, takeuchi@db.htokai.ac.jp done photoproducts [(6-4) photoproducts] (Michell 1988). The (6-4)photoproducts are converted to Dewar isomers by UV light at 310-340 nm. Plants require sunlight for photosynthesis and, as a consequence, they are exposed to the UV radiation present in sunlight. Therefore, plants also require specialized mechanisms for the repair of photolesions in their DNA.
Damage due to CPDs and (6-4)photoproducts is repaired via the nucleotide excision repair pathway (for review, see Sancar and Sancar 1988) ; this repair pathway is often referred to as "dark repair" to distinguish it from light-dependent repair processes. However, such a process remains to be characterized in plants.
Photorepair has been reported in many plant species (Pang and Hays 1991) , but few biochemical or molecular biological investigations of this process have been reported. Recently, Hidema et al. (1997) reported that CPD photorepair in a UV-tolerant rice cultivar was more efficient than in a UV-sensitive one. Photorepair reverses the dimerization of pyrimidines directly. The enzyme involved, photolyase, uses energy from light at wavelengths from 300 to 500 nm. The activity of a CPD photolyase in Arabidopsis has been demonstrated and characterized both in vivo and in vitro (Pang and Hays 1991) , and a photolyase gene of Arabidopsis has been reported to encode an amino acid sequence with significant homology to the recently characterized photolyases identified in a number of prokaryotic and animal systems (Ahmad et al. 1997) . By contrast, photorepair of (6-4)photoproducts has been reported only in Arabidopsis (Chen et al. 1994 ) and cucumber cotyledons (Takeuchi et al. 1996) , and the biochemical and molecular biological properties of this process have not yet been characterized.
As noted above, detailed investigations in plant cells of the repair of DNA photolesions, and, in particular, of (6-4)photoproducts have been limited (Britt et al. 1993 , Chen et al. 1994 . In the present study, using enzyme-linked immunosorbent assays (ELISAs) with monoclonal antibodies specific to three types of DNA photolesions, we examined the effects of wavelength on the photorepair of CPDs and (6-4)photoproducts as well as on the photoisomerization of (6-4)photoproducts to Dewar photoprod-ucts after cucumber cotyledons had been exposed to UV-B irradiation.
Materials and Methods
Plant material-Seeds of cucumber (Cucumis sativus L. cv. Hokushin) were germinated, and seedlings were allowed to develop on wet paper towels for 5 d at 25°C in darkness. Cotyledons were excised from the seedlings, and groups of ten cotyledons were placed on filter paper on the bottom of stainless-steel Petri dishes (diameter, 5 cm). Two ml of 20 mM potassium phosphate buffer (pH6.0) containing 20 mM KC1 and 100 ^M zeatin were added to each dish as the growth medium (Takeuchi et al. 1993 (Takeuchi et al. , 1996 . Each dish was covered with a UV-transmitting filter (UV 28, 5 x 5 cm 2 ; Hoya Co. Ltd., Tokyo, Japan) to filter out almost all radiation at wavelengths below 290 nm and then each dish was sealed with Parafilm™ (American National Can, Neenah, WI, U.S.A.).
Irradiation with UV-B and monochromatic light-Cotyledons were irradiated with UV-B at 25°C for 15 min. UV light was supplied by a fluorescent sunlamp (FL 20SE; Toshiba, Tokyo, Japan) suspended 35 cm above the dishes. The spectral distribution of this UV radiation has been shown in a preceding report (Takeuchi et al. 1996) . Then the cotyledons were irradiated with monochromatic light at 325-500 nm at the Okazaki Large Spectrograph (OLS) of the National Institute for Basic Biology (Okazaki, Japan). Each dish was irradiated with vertically incident light from the front surface of an aluminum mirror oriented at angle of 45°. The fluence rate was measured with a photon density meter (HK-1; custom-made at the Institute for Physical and Chemical Research, Wako, Japan; Hashimoto et al. 1982) and adjusted with neutral density filters (Hoya Co. Ltd.) to 12.7-13.2 j/mol m~2 s~'. The design and performance of the OLS has been described in detail by Watanabe et al. (1982) .
Extraction of DNA and ELISA of DNA lesions-ON A was extracted from cotyledons as described by Honda and Hirai (1990) with slight modifications (Takeuchi et al. 1996) . DNA was dissolved in 1.0 ml of PBS, and its concentration was determined by measuring the absorbance at 260 nm.
A direct ELISA of CPDs and (6-4)photoproducts, adapted to include a streptavidin-biotin system, was performed as described by Matsunaga et al. (1991) with monoclonal antibodies TDM-2 and 64M-2 (Takeuchi et al. 1996) . The method for the ELISA of Dewar photoproducts was the same as that of CPDs and (6-4)photoproducts with the exception that the concentration of DNA in the solution placed in the wells of microtiter plates was 2.0 ^g ml" 1 and the solution of the monoclonal antibody, DEM-1, was diluted 1 : 100 with PBS. The source and specificity of each monoclonal antibody have been described in detail elsewhere , Mizuno et al. 1991 , Mori et al. 1988 .
Irradiation of standard DNA with monochromatic UV light -For preparation of standard DNA samples for the ELISA of CPDs and (6-4)photoproducts, DNA from bacteriophage lambda (ADNA; Takara Shuzo Co., Ltd., Kyoto, Japan) was irradiated with monochromatic UV light at 260 nm (0-50 J m"
2 ) at the OLS, as described in a preceding report (Takeuchi et al. 1996) . For preparation of standard DNA with Dewar photoproducts, ADNA was irradiated with UV light at 260 nm at 50 J m" 2 and then irradiated with UV light at 320 nm (0-50 kJ m~2).
Results and Discussion
Dependence on wavelength of the photorepair of CPDs-In comparison with our understanding if repair mechanisms in other eukaryotic systems, our understanding of the mechanisms responsible for the repair of UV light-induced damage to DNA in higher plant cells is still rather limited. Action spectra for the photorepair of damage to DNA have been reported for pinto bean (Saito and Werbin 1969) and maize (Ikenaga et al. 1974) . In these plants, the most efficient wavelengths for photorepair of damage to DNA were reported to be 385 and 405 nm, respectively, but the exact nature of the DNA lesions was not specified. Pang and Hays (1991) reported that the dependence on wavelength of the activity in vitro of a CPD photolyase from Arabidopsis thaliana had a broad peak at 375-400 nm.
In cucumber cotyledons, light-dependent removal of CPDs occurs very rapidly; 50% is removed within 15 min when the cotyledons are irradiated with white light at an intensity of 110//mol m~2 s~'. By contrast, the rate of dark repair of both CPDs and (6-4)photoproducts, presumably via excision repair, was reported to be low or undetectable in cucumber cotyledons (Takeuchi et al. 1996) . Figure 1 shows the rate of removal of CPDs in cucumber cotyledons that had been irradiated first with UV-B and then with monochromatic light at 425 nm. CPDs were removed at an almost constant rate for at least the first 30 min. On the basis of this result, we incubated cucumber cotyledons under monochromatic light (325-500 nm) for 30 min after they had been irradiated with UV-B to examine the effects of wavelength on the removal of CPDs. The photorepair of CPDs in vivo was most efficient with irradiation at wavelengths between 375 and 425 nm (Fig. 2) . Investigations of several microbial photolyases had led to the division of photolyases into two types with respect to their essential chromophores (Sancar 1994, Sancar and Sancar 1988) . All identified photolyases appear to contain FAD. Those in one type, including the enzymes from Escherichia coli and the yeast Saccharomyces cerevisiae, contain folate as a second chromophore and exhibit maximum activity in the presence of light at about 370 nm. The photolyases in the second type, to which enzymes from the mold Streptomyces griseus and the cyanobacterium Anacystis nidulans belong, exhibit maximum activity at about 445 nm, indicating the presence of deazaflavin as a second chromophore. The dependence on wavelength of the photorepair of CPD in cucumber cotyledons was compared with the published action spectra for CPD photolyases from E. coli (Sancar et al. 1987) and A. nidulans (Eker et al. 1990) (Fig. 3) . The photorepair of CPDs in cucumber cotyledons had a broad peak at 375 to 425 nm. Although the dependence on wave length of cucumber photorepair was not identical to that of the E. coli enzyme, it was more similar to the latter than to Wavelength (nm) 500 Fig. 3 Comparison of the dependence on wavelength of the photorepair of CPDs in cucumber cotyledons with published action spectra of CPD photolyases from E. coli (Sancar et al. 1987 ) and A. nidulans (Eker et al. 1990 ).
the A. nidulans enzyme. A similar broad peak was also reported for the dependence on wavelength of the photorepair of DNA photolesions in extracts of maize pollen (Ikenaga et al. 1974) and Arabidopsis thaliana (Pang and Hays 1991) . Recently, another type of photolyase, bearing little sequence homology to the originally characterized microbial photolyase genes, has been identified in several animal and prokaryotic organisms (Yasui et al. 1994 ). This novel group of photolyases was designated as the type II photolyases, and the originally identified photolyases have now been renamed type I photolyases. In plants, Ahmad et al. (1997) reported that a photolyase gene of Arabidopsis encodes an amino acid sequence with significant homology to type II photolyases. To determine whether the cucumber photolyase falls into either of the two above-mentioned types, it will be necessary to isolate the gene encoding the photolyase from cucumber. Dependence on wavelength of the photorepair of (6-4)-photoproducts-CPD photolyases have been purified from several microorganisms and characterized. A photolyase in E. coli has been shown to be unable to reverse the formation of (6-4)photoproducts, the second most abundant UV photolesion in DNA (Brash et al. 1985) . Britt et al. (1993) showed that a UV-sensitive mutant of Arabidopsis repaired CPDs normally but was defective in the repair of (6-4)photoproducts, suggesting that (6-4)photoproducts rather than CPDs were the biologically important lesions. A photolyase specific for (6-4)photoproducts was identified in cell extracts of Drosophila (Todo et al. 1993) ; the action spectrum of this enzyme had a peak at 400 nm (Kim et al. 1994) . However, as mentioned above, there have been no reports describing the enzymes involved in the photorepair of (6-4)photoproducts in plant cells or on the dependence of their activities on wavelength. Figure 4 shows the time courses of removal of (6-4)-photoproducts in cucumber cotyledons irradiated with monochromatic light at 325 nm and at 425 nm after irradiation with UV-B. Irradiation at 325 nm was much more effective than irradiation at 425 nm. The dependence on wavelength of the removal of (6-4)photoproducts differed from that of the removal of CPDs (Fig. 5) . The wavelength at which (6-4)photoproducts were removed most efficiently was 325 nm. Moreover, when irradiation was prolonged to 6 h, a second peak at 400 to 425 nm was also observed (Fig. 5) .
In aqueous solutions of DNA, the photoisomerization of (6-4)photoproducts to Dewar photoproducts is induced by UV light at 310 to 340 nm, with a peak at about 320 nm . Therefore, a decrease in the level of (6-4)photoproducts after UV irradiation in cucumber cotyledons might correspond to the photoisomerization of (6-4)photoproducts to Dewar photoproducts. In the present study, we established an ELISA for Dewar photoproducts using standard ADNA, prepared as described in Materials and Methods. The level of Dewar photoproducts in the ADNA increased with increases in the dose of UV light at 320 nm. Conversely, the amount of (6-4)photoproducts decreased as a result of this treatment (data not shown). Figure 6 shows details of the induction of forma- Effects of wavelength on the removal of (6-4)photoproducts. Cotyledons were irradiated with UV-B for 15 min at 25°C and then with monochromatic light at 325-500 nm for 1 h or 6 h. Amounts of (6-4)photoproducts removed are expressed as percentages of the initial level immediately after UV-B irradiation. The closed square indicates the extent of removal of (6-4)photoproducts during dark incubation for 6 h. Each value is the average of results from two separate samples.
tion of Dewar photoproducts by monochromatic light in cucumber cotyledons after their exposure to UV-B irradiation. The amount of Dewar photoproducts formed was greatest at 325 nm, suggesting that the number of (6-4)photoproducts that are actually photorepaired should be maximal in the presence of light at 400-425 nm. This result coincidents with that obtained in Drosophila (Kim et al. 1994 ).
To our knowledge, the present report is the first to demonstrate the dependence on wavelength of the photorepair of (6-4)photoproducts and the first to provide evidence of photoisomerization in vivo of (6-4)photoproducts to Dewar isomers in plant cells. Materials that bound to the monoclonal antibody DEM-1 that we used for the ELISA of Dewar photoproducts also accumulated with irradiation at wavelengths longer than 400 nm (Fig. 6) . However, irradiation with visible light was not effective in the photoisomerization of (6-4)-photoproducts to Dewar photoproducts in calf thymus DNA in solution . Therefore, the materials that bound to DEM-1 and whose formation was induced by irradiation with visible light in cucumber cotyledons must have been something other than Dewar photoproducts; they remain to be identified.
In Arabidopsis, dark repair of (6-4)photoproducts has been reported to occur much more rapidly than the repair of CPDs, with approximately 50% of the initial lesions being eliminated within 2 h (Britt et al. 1993) . In this respect, Arabidopsis resembles other biological systems in which the rate of dark repair of CPDs is low or undetectable but the rate of removal of (6-4)photoproducts is high (Mitchell et al. 1985, Mitchell and Nairn 1989) . Moreover, in Arabidopsis, Chen et al. (1994) reported that (6-4)photoproducts were repaired more rapidly than CPDs in the light. By contrast, in cucumber cotyledons, both CPDs and (6-4)photoproducts were repaired at low or undetectable rates in darkness. In the light, half of the initial CPDs were removed within 15 min, but the light-dependent removal of (6-4)photoproducts was very slow, with 50% removal requiring at least 4 h (Takeuchi et al. 1996) . In wheat seedlings, the rate of photorepair of CPDs was also reported to be higher than that of (6-4)photoproducts (Taylor et al. 1996) . The rate of induction of the formation of (6-4)photoproducts has been reported to be one-third of that of CPDs (Mitchell 1988) . Therefore, (6-4)photoproducts might be more important determinants of the lethal and mutagenic effects of UV light than CPDs. Although the rate of photorepair differed between CPDs and (6-4)photoproducts, the dependence on light intensity and the sensitivity to temperature of the photorepair of (6-4)photoproducts were similar to those of the photorepair of CPDs (Takeuchi et al. 1996) . From the earlier results and the results reported in the present paper, it is suggested that (6-4)photoproducts might be photorepaired by a process similar to that involved in the photorepair of CPDs, with photolyase playing an important role.
